In order to obtain a lightweight material having an excellent high-temperature strength, Mg alloy composites reinforced with short alumina fibers and in situ Mg 2 Si particles were fabricated. The composites were fabricated by pressureless infiltration of the Mg alloy melt into the preform consisting of the fibers and attached Si particles. The volume fraction of Si particles in the preform, the melting temperature of the Mg alloy, and the cooling rate after the infiltration were varied. P and CaF 2 particles were also used as refiners of the Mg 2 Si. Based on the results, the conditions dispersed the Mg 2 Si particles finely and homogeneously and the formation and dispersion mechanism of the Mg 2 Si were clarified. Although the Si content exceeds its equilibrium solubility in the Mg melt when the volume fraction of the Si particles was 9.5 vol%, all of the Si particles reacted with the Mg alloy melt to form Mg 2 Si particles. The Mg 2 Si particles were homogeneously dispersed in the matrix, because the segmentation of Mg 2 Si particles in the infiltration was prevented due to the presence of fibers. As the melting temperature decreased or the cooling rate after the infiltration increased, the Mg 2 Si particles became finer. The introduction of P or CaF 2 further promoted the refinement of the Mg 2 Si particles.
Introduction
Because Mg alloys are lightweight and have an excellent damping capacity and good machinability, they have been recently used in electrical instruments, mobile instruments and automobiles in which their lightweight is an advantage. 1, 2) However, the strength of the Mg alloy sharply decreases with increasing temperature. Although heat-resistant Mg alloys containing elements such as Zr, Th or rare earth elements have been developed, 3) their use in parts that require high-temperature strength is still limited. In order to improve the high-temperature strength, we have noted the reinforcement with the ceramic fibers. We fabricated the AZ91D magnesium alloy composite reinforced with short alumina fibers by squeeze casting, investigated its high-temperature properties, 4) and then clarified that the reinforcement with the fibers improved the high-temperature strength of the Mg alloy. The high-temperature strength of the composite would be further improved by dispersion of the heat-resistant phases in its matrix, namely, by improving the heat resistance of the matrix itself. Because intermetallic compounds generally have an outstanding resistance to heat, 5) the dispersion of their particles would significantly improve the heat resistance of the composite. In order to maintain the lightweight aspect of the Mg alloy, the intermetallic compound dispersed in the matrix is required to have a low density. Mg 2 Si, an intermetallic compound, has a low density (2.0 Mg/m 3 ), 6) which is favorable for maintaining the lightweight of the Mg alloy. In addition, Mg 2 Si can be in situ formed by the introduction of Si into the Mg alloy melt. Although intermetallic compounds are generally brittle, the hightemperature strength of the composite would be improved by finely and homogeneously dispersing them. Therefore, we have noted the Mg 2 Si and propose the fabrication of the alumina fiber-reinforced Mg alloy composite, in which the in situ Mg 2 Si particles are finely dispersed. In order to fabricate the composite, we proposed the following technique: A preform of the short alumina fibers having attached Si particles is infiltrated with the Mg alloy melt. By this technique, the Mg 2 Si particles, formed by the reaction between Si and Mg, will be supported among the fibers and homogeneously dispersed without segmentation by the melt flow. However, there are few reports about the fabrication or microstructure of such a fiber-and Mg 2 Si particle-reinforced Mg alloy composite; there are few reports about the formation and dispersion mechanism of the Mg 2 Si in the composite. On the other hand, in order to refine the Mg 2 Si particles, the addition of P, Ca, Nd or TiCN as the refiners 7, 8) and rapid solidification 9, 10) have been attempted. These techniques might also effectively refine the Mg 2 Si particles.
In the present study, AZ91D magnesium alloy composites reinforced with short alumina fibers and in situ Mg 2 Si particles were fabricated by the infiltration of the preform consisting of the fibers and Si particles with the alloy melt. The effects of the volume fraction of Si particles in the preform, the melting temperature, the cooling rate after the infiltration and the addition of the refiners on the refinement of the Mg 2 Si have been investigated, and the conditions needed to finely and homogeneously disperse the Mg 2 Si have been clarified. Subsequently, the formation and the refinement mechanisms are discussed.
Experimental Procedure
The AZ91D magnesium alloy with the chemical composition shown in Table 1 was used as the matrix metal. Short alumina fibers (Saffil, ICI) were used as a reinforcement. The chemical composition and properties of the alumina fiber are shown in Table 2 . Pure Si particles (99.9 mass%Si) were used as the starting material to form Mg 2 Si. Figure 1 is a SEM micrograph and size distribution of the Si particles, showing that their average size is 50 mm. Red phosphorus (98 mass%P, hereinafter P) or CaF 2 (99.9 mass%CaF 2 ) particles with an average size of 5 mm was used as the refiners of the Mg 2 Si. The preforms were fabricated as follows. First, an organic binder (polyvinyl alcohol), an inorganic binder (Al 2 O 3 sol), Si particles and refiner (P or CaF 2 particles) were added to the distilled water to make a slurry. We clarified that the Al 2 O 3 sol is effective for improving the high-temperature strength of the alumina fiber-reinforced Mg alloy composite. 4) Second, the alumina fibers were soaked in the slurry in order to attach the Si particles, refiner and binders, followed by dewatering and forming of the cylindrical preform (18 mm diameter, 30 mm height and 7630 mm 3 volume). The preforms with 1) Si particles, 2) Si and P particles, and 3) Si and CaF 2 particles were fabricated. Because this study mainly focused on the formation and dispersion behavior of the Mg 2 Si, the fiber volume fraction was set to 5 vol%; this is the minimum fraction to allow the preform strength to resist the contraction during the melt infiltration. The volume fraction of the Si particles (hereinafter V Si ) was set to 1.6 vol%, 6.5 vol% or 9.5 vol%, and that of the P or CaF 2 particles was 0.16 vol%, 0.65 vol% or 0.95 vol% (10% of V Si , respectively). The preforms were dried at 373 K for 3 hours, and then sintered at 1173 K for one hour. V Si was controlled as follows: Weigh of the Si particles in the preform was calculated from the density of Si ), the particles were added to the slurry, and then all the particles were attached to the fibers. After the sintering, the weigh increase of the preform by adding the Si particles was measured by comparing the weigh of the preform with and without the Si particles. We confirmed that the increase in the weigh was the same as the weigh of the added Si particles. The volume fraction of refiners was controlled by the same method. Figure 2 shows SEM micrographs of the preforms (V Si ¼ 6:5 vol%). In the preform, the Si particles and refiners (arrows in Figs. 2(b) and (c)) can be seen attached to the fiber surfaces and supported by the fibers.
The preform was placed in the alumina crucible, the 20 g AZ91D alloy ingot was placed on the preform, and then they were heated in an electric furnace so that the preform was infiltrated with the melt at ambient pressure, as shown in Fig. 3 . In order to determine the melting temperature, a preliminary experiment was performed at various temperatures. As a consequence, the melt infiltration was accom- Table 2 Chemical composition and properties of alumina fiber. plished at 958 K and above. As will be described later, according to the binary equilibrium phase diagram of the MgSi system, 12) the Si content, which corresponds to 1.6 vol% Si particles, totally dissolves into the Mg melt at 958 K. The melt tends to combust by oxidation above 1003 K. Therefore, the melting temperature was set at 958 K or 1003 K. As soon as the melt temperature reached the set temperature, the specimens were cooled in the furnace, air or water. Figure 4 shows the cooling curves of the specimens after infiltration when the preform contained 6.5 vol% Si particles (V Si ¼ 6:5 vol%) and the melting temperature is 1003 K. The average cooling rate between the melting temperature and the eutectic point in the Mg-Si system (912 K) was 0.2 K/s for the furnace cooling, 2.5 K/s for the air-cooling and 124 K/s for the water-cooling. These cooling rates were constant even though the melt temperature or V Si changed.
The microstructures of the composite were observed on the vertical sections, and the Mg 2 Si particles extracted from the composite by 30% nitric acid were observed by scanning electron microscopy. The composite fabricated with the preform containing Si particles was termed ''composite S'', that containing Si and P particles was termed ''composite SP'', and that containing Si and CaF 2 particles was termed ''composite SC''. Figure 5 shows the macrostructure of the vertical crosssection of the composite S (V Si ¼ 6:5 vol%, melting temperature: 958 K, water-cooled after infiltration). It can be seen that the melt infiltration was perfectly accomplished with no observable defects. The composite had about a 30 mm height, which is almost equal to that of the preform before the infiltration. Based on these results, it can be stated that the infiltration was successful without preform contraction or deformation. The melt infiltration was perfectly accomplished even when the V Si , melting temperature or cooling rate after infiltration changed, or when the refiner was added. The perfect infiltration at ambient pressure is probably due to the fact that the spaces among the fibers in the preform with only 5 vol% fibers are large enough to infiltrate, and that maintaining the melting temperature promotes the melt infiltration without solidifying. Figure 6 is the X-ray diffraction pattern of the composite S (V Si ¼ 9:5 vol%, melting temperature: 1003 K, water-cooled after infiltration), showing that Mg, Mg 17 Al 12 , -Al 2 O 3 , and Mg 2 Si were detected in the composite. Mg and Mg 17 Al 12 are the major constituents of the alloy and -Al 2 O 3 is the major constituents of the alumina fiber and Al 2 O 3 binder. Thus, it is clear that Mg 2 Si exists, while the residual Si does not exist in the composite. Similar patterns were obtained in the composite fabricated with the preform containing 1.6 vol% or 6.5 vol% Si particles. Figure 7 shows the microstructures of the vertical section of composite S. Alumina fibers appear black in the microstructure and are oriented as random configurations. A granular phase, dispersed in the matrix, can also be observed. Figure 8 is SEM and X-ray images near the granular phase in composite S, showing that the phase consists of Mg and Si. Based on these images and the X-ray diffraction pattern shown in Fig. 6 , it can be concluded that the granular phase is Mg 2 Si and all of the Si particles in the preform changed into Mg 2 Si. When V Si was 1.6 vol% and the melting temperature was 1003 K, the Mg 2 Si size decreased as the cooling rate increased; Mg 2 Si in the water-cooled composite was very fine (Fig. 7(c) ). The Mg 2 Si size in the water-cooled composite was almost the same even when the melting temperature was 958 K, as shown in Fig. 7(d) increased. When V Si was 6.5 vol% and 9.5 vol%, the refinement of Mg 2 Si was observed not only by increasing the cooling rate (Figs. 7(e)-(g) and (i)-(k)), but also by decreasing the melting temperature (Figs. 7(h) and (l)). Figure 9 shows the microstructures of the water-cooled composites SP and SC (containing the refiners) fabricated at 958 K. When V Si was 1.6 vol%, the Mg 2 Si size in composites SP and SC (Figs. 9(a) and (b) ) was almost the same as that in composite S (Fig. 7(d) ). This indicates that the refinement of Mg 2 Si can be accomplished by rapid cooling without refiners when V Si is small. When V Si was 6.5 vol% and 9.5 vol%, the Mg 2 Si sizes in composites SP and SC (Figs. 9(c)-(f) ) were smaller than that in composite S (Fig. 7(h) and (l)); Mg 2 Si in the composites is refined using the preform containing refiners.
Results and Discussion

Infiltration state
Microstructure of composites
Subsequently, the shape and size of Mg 2 Si were investigated in detail. Figure 10 water-cooled composites (V Si ¼ 9:5 vol%, melting temperature: 958 K). The size distribution was measured using 10 fields in the SEM micrographs. Many Mg 2 Si existed as independent particles, but some of them appear to agglomerate to each other. The average size of the Mg 2 Si particles in composite S was 19 mm (Fig. 10(a) ), that in composite SP was 7 mm (Fig. 10(b) ), and that in composite SC was 11 mm (Fig. 10(c) ). Figure 11 is a TEM micrograph of a Mg 2 Si particle in the water-cooled composite S, showing that the Mg 2 Si particle is the polycrystalline aggregate which has grains of approximately 1 mm.
Formation
, dispersion and refinement mechanism of Mg 2 Si Based on these results, the formation, dispersion and refinement mechanism of the Mg 2 Si in the present study are discussed.
Mg 2 Si is formed by the reaction between Mg in the alloy and Si, as designated by eq. (1):
A previous report showed that this reaction occurs at approximately 800 K, at which both the Mg alloy and Si are in the solid state. 13) This indicates that the reaction will occur under the present condition (958 K) and that Mg 2 Si is formed in a short time and dispersed in the melt. In the present study, Mg 2 Si particles were homogeneously dispersed regardless of V Si , the melting temperature, the cooling rate or the addition of the refiners. This is probably due to the fact that the Si particles were homogeneously supported by the alumina fibers in the preform, and segmentation of the Mg 2 Si particles by infiltration was prevented due to the presence of the fibers; Mg 2 Si was formed near the former locations of the Si.
A binary equilibrium phase diagram of the Mg-Si system 12) is shown in Fig. 12 along with the melting temperature and the Si content calculated from V Si in the present study. Figure 12 shows that all of the composites in the present study have a hypereutectic composition. When V Si is 1.6 vol% (Si content in the melt is 2.3 mass%), the Si content does not exceed the solubility of Si into Mg. Si totally dissolves into the melt and the Mg 2 Si crystallizes out as the primary phase (Mg 2 Si) followed by the eutectic of Mg 2 Si and -Mg during solidification. The Mg 2 Si particles in the watercooled composite were fine when V Si was 1.6 vol%, regardless of the melt temperature or the addition of refiners. This is probably due to the fact that the primary and eutectic Mg 2 Si are finely crystallized out by the rapid cooling from the melt, which includes all of the added Si. Generally, when the fiberreinforced Mg alloy composite is fabricated by the melt infiltration technique, compounds formed during the solidification tend to crystallize near or on the fiber surface. 14) As shown in Fig. 13 , entangling of the Mg 2 Si with the fibers can be extensively observed also in the present study. This indicates that the Mg 2 Si tends to crystallize on the fiber surface and then grow near the fibers. On the other hand, as shown in Fig. 12 , when V Si is 6.5 vol% (Si content in the melt is 9.5 mass%) and 9.5 vol% (Si content is 13.8 mass%), the Si Content (mass%) 12) melting temperature is lower than the liquidus temperature: Theoretically, the Si content exceeds the solubility of Si into Mg. Nevertheless, in the present study, all of the Si changed into Mg 2 Si: The residual Si was not observed even when V Si was 9.5 vol%. This indicates that many of the Mg 2 Si particles in the composites are the ones formed by the reaction between Mg and Si, although the primary and eutectic Mg 2 Si also exist. Before the cooling, the size of the Mg 2 Si particle was approximately 19 mm and the particle is the polycrystalline aggregate which has fine grains, as shown in Fig. 10 and Fig. 11 . The coarsening of the particles would be pronounced at high temperature. In contrast, the coarsening would be suppressed at low temperature. This would be why the Mg 2 Si particles were finely dispersed when the melting temperature is 958 K. In addition, the coarsening during the solidification would be pronounced at a low cooling rate; it would be suppressed by the rapid cooling. This is why the Mg 2 Si particles were finely dispersed in the water-cooled composite. Based on these findings, the formation and dispersion process of the Mg 2 Si particles in the present study is schematically shown in Fig. 14. After a Si particle contacts the Mg alloy melt, Mg 2 Si particles, which are the polycrystalline aggregates, are quickly formed by the reaction near the Si particle. At the same time, the Si starts to dissolve into the melt. Unless the Si content exceeds the solubility into Mg, all of the Si particles dissolve into the melt. While the melt including the dissolved Si is solidifying, the primary and eutectic Mg 2 Si crystallize out near or on the fiber surface. Increase in the contact time of the Mg 2 Si particles and the Mg alloy melt or the melting temperature promotes the coarsening of the particles: The low melting temperature and the rapid cooling after the infiltration are effective for finely dispersing the particles.
Subsequently, the reason why the Mg 2 Si particles were refined using the preform with P or CaF 2 particles was considered. Kim et al. 7) report that the addition of elements, such as P or Ca, to the Mg alloy melt refines the in situ Mg 2 Si particles because these elements produce the compound (Mg(PO 3 ) 2 , etc.) particles, which promote the heterogeneous nucleation of the Mg 2 Si. Although the nucleation site was not able to be found in the present study, the compound formed by the reaction between the refiner (P or CaF 2 particles) and the melt would act as the nucleation site of the Mg 2 Si and promote the refinement. Because this refinement effect was observed when V Si was 6.5 vol% and 9.5 vol% as well, it can be said that the refiners are effective for the Mg 2 Si formed in a short time as well.
We have shown that the alumina fibers in the AZ91D alloy composite were covered with the Al 2 O 3 binder and the binder prevented the reaction between the fibers and the matrix. 4) We believe that this reaction would also not occur in the present study, because we used the same matrix, fiber and binder.
Conclusions
The present study has led to the following conclusions.
(1) By infiltration of the preform consisting of short alumina fibers and Si particles with the Mg alloy melt, a Mg alloy composite reinforced with short alumina fibers and in situ Mg 2 Si particles was fabricated. (2) When V Si was 1.6 vol% (Si content in the Mg was 2.3 mass%), Mg 2 Si particles were finely dispersed by water-cooling regardless of the melting temperature or addition of the refiners. Because the Si content does not theoretically exceed the solubility of Si into Mg, all of the Si would dissolve into the melt. This leads to the conclusion that the Mg 2 Si crystallized out as the primary and the eutectic crystals were refined by the rapid cooling. (3) When V Si is 6.5 vol% (Si content in the melt is 9.5 mass%) and 9.5 vol% (Si content is 13.8 mass%), the Si content theoretically exceeds the solubility of Si into Mg. Nevertheless, the residual Si was not observed in the composite: All the Si particles changed into Mg 2 Si. The Mg 2 Si particles were homogeneously dispersed in the matrix of the composite. This leads to the conclusion that many of the Mg 2 Si particles in the composites are Mg 2 Si formed by the reaction between Mg and Si. The lower melting temperature and higher cooling rate refined the Mg 2 Si particles. The introduction of P or CaF 2 particles further promoted the refinement.
